ABSTRACT: The influence of Lip treatment (0,19--0,75 mol%) on the surface and catalytic properties of NiO were investigated using nitrogen adsorption at -196°C and the catalytic decomposition of HP2 at 3D-50°C, Pure and treated solid samples were subjected to thermal treatment at 300°C, 5000C and 7000C, respectively,The results obtained revealed that Lip treatment ofNiO solid brought about a measurable decrease (30-63%) in its BET surface area, SBET' and a decrease of 20--44% in its total pore volume, Vp' especially for the solid samples calcined at 700°C. The observed decrease in the SBET value of NiO due to treatment with Lip was attributed to transformation of some of the Nj2+ ions into Nj1+ ions with a subsequent contraction in the lattice and also to pore widening,
INTRODUCTION
The catalytic activity and selectivity of a large variety of solids can be modified by treating them with small amounts of foreign oxides. This treatment induces significant changes in the physicochemical characteristics of the treated solids such as the electrical, magnetic, textural and acidity features of the resulting catalysts (Bielanski et at. 1966; EI-Shobaky 1978; Gravelle et at. 1967a,b; El-Shobaky and Petro 1979a,b; Petro et al. 1981 ; AI-Noaimi et al. 1995; El-Shobaky et al. 1994a,b) .
Lithium oxide is widely applied as a dopant for a large number of solid catalysts used in oxidation/ reduction reactions. The effects of Lip doping on the surface properties and catalytic activities of COP4' NiO, NiO/AIP" CuO/AIP" CoP/AlP" CrplAlp, and MoOlA1P, in CO oxidation by 0, have been the subject of several investigations carried out by El-Shobaky and co-workers (1969, 1982, 1985a,b, 1990, I994a,b, 1998) and by El-Shobaky and AI-Noaimi (1987) . These authors claim that doping of the above catalysts with Lip (0.75-6 mol%) resulted in significant *Author to whom all correspondence should be addressed. modifications in the surface and catalytic activities of the treated solids. These changes depended mainly on the nature of the catalysts investigated, the calcination conditions and the dopant concentration. The results obtained by these authors were discussed in terms of different mechanisms for the doping process and possible changes in the mechanism of the catalytic reaction itself.
The catalytic decomposition of HP2 on single, binary and tertiary oxide catalysts has been the subject of several investigations aimed at correlating the electrical, geometrical, surface and catalytic properties (Mucka 1976a-e; Mucka and Tobacik 1991; Kanugo et al. 1981; Fagal et al. 1998 ).
The present work reports a study of the effects of Lip doping on the surface and catalytic properties of NiO as investigated by N 2 adsorption at -1 96 De and via the decomposition of H,O, in aqueous solution at 30-SO"C.
--
EXPERIMENTAL

Materials
Pure NiO samples were prepared by the thermal decomposition of basic nickel carbonate for Shin air at 300 De, sooDe and 700 oe, respectively. Samples doped with lithium were obtained by treating a known mass of finely powdered basic nickel carbonate with a calculated amount of LiNO, dissolved in the least amount of distilled water necessary to make a paste. The paste was dried at IOODe to constant weight, then heated in air for S h at 300 oe, soooe and 700 oe, respectively. The nominal concentration of lithium in the doped samples expressed as mol % Lip was 0.19, 0.38 and 0.7S, respectively. These values should be close to the real concentration because the chemicals used were of analytical grade and the catalyst samples were prepared by the impregnation method. The compositions of the chemicals employed were NieO,.3Ni(OH)2·4Hp and LiNO J.3Hp as verified by the supplier, Prolabo.
Techniques
The surface properties of the pure and differently doped NiO samples were determined from nitrogen adsorption isotherms measured at -196°e using a conventional volumetric apparatus. Before undertaking such measurements, each sample was degassed under a reduced pressure of 10-5 Torr for 3 h at 200°C. The catalytic activity of the various catalysts was determined by studying the decomposition of HP2 at 30 oe, 40 0e and sODe, respectively, using 100 mg of a given catalyst sample' with a O.Sml volume ofHP2 of known concentration diluted to 20 ml with distilled water. The reaction kinetics were monitored by measuring the volume of oxygen gas liberated at different time intervals.
RESULTS AND DISCUSSION
Effect of Li 2 0 doping on the surface characteristics of the various solids studied
The surface characteristics, viz. specific surface area (SBET)' total pore volume (Vp) and mean pore radius (1'), for the pure and differently doped solids were determined from nitrogen adsorption isotherms conducted at -196°C. Another series of specific surface areas, St' were determined from '200 mg samples were taken of materials precalcined at 700"C.
plots of volume-thickness (VI versus t) curves. These plots were constructed using suitable standard t-curves depending on the C-constant in the BET equation for each adsorbent investigated. The total pore volume and mean pore radius of each catalyst sample were calculated using the relationships (Bronkhoft and Linsen 1956) V n = 15.47 X IO-4V and r = 2V /SBET' where V is the volume ,. st p st of N 2 adsorbed as P/po tends to unity. The various V, versus t plots for the pure and differently doped NiO samples calcined at 300°C, 500°C and 700°C, respectively, were similar to each other. Thus, Figure I depicts the representative VI versus t plots for samples calcined at 300°C. It is seen from the figure that both the pure and doped adsorbents exhibited an upward deviation, indicating that these solids contained wide pores (mesopores) as the dominant porosity (Rouquerol et al. 1994) . Table I lists the values of various surface parameters measured for the pure and the variously doped solids calcined at different temperatures. Table I lists data indicating that the values of SBET and S, are close to each other, thereby demonstrating the correct choice of standard t-curves in the analysis and indicating that the treated adsorbents were free from ultramicropores. It can also be seen from the data in Table I that doping of NiO with Lip followed by thermal treatment at 300°C. 500°C or 700°C resulted in a progressive decrease in the values of both SBET and V p to an extent proportional to the amount of dopant present in the samples. The maximum decrease in the value of SBET due to doping occurred in all cases in the presence of 0.75 mol% Lip leading to decreases of 38%, 25% and 59% for solids calcined at 300°C, 500°C and 700°C, respectively. The data in Table I also show that treatment of NiO solid with Lip brought about a widening of the pores. especially for samples treated with 0.75 mol% Lip. It is well known that NiO can dissolve varying amounts of Lip in its lattice to form a solid solution (Nachman et al. 1965; Koide 1964; EI-Shobaky et at. 1985a,b; Degraix et at. 1976a,b) . The maximum amount of Lip which can be dissolved in NiO can attain a value of 11 mol% before a lithium-nickel compound is formed (Degraix et at. 1976a,b) . However, most of the Lip dissolved in NiO is retained in the uppermost surface layers of the treated solid (Degraix et al. 1976a,b; El-Shobaky et al. 1985a) . The amount of Lip dissolved in the NiO lattice depends mainly on the 0.2
0.1 Figure 1 . Volume versus thickness (V, versus t) plots for pure and variously doped NiO samples calcined at 300"C.
total amount of Lip present, the calcination temperature and the atmosphere in contact with the solid (inert gas, vacuum, air) (EI-Shobaky et al. 1985b; Degraix et al. 1976a,b) . The dissolution process proceeds according to different mechanisms (Verwey et al. 1950; Bielanski et al. 1964; Iidda et al. 1960; Schlosser 1961; EI-Shobaky et al. 1967; Gravel1e et al. 1969 ) which may be summarized as follows: (i) location of the Li" ion in an interstitial position (Bielanski et al. 1964 Substitution of some of the host Nj2+ ions by Li" ions requires the presence of oxygen in contact with the treated solid and calcination at moderate temperatures (a quarter to a half of the melting point of NiO) (Verwey et at. 1950; Schwab and Block 1954; Koide 1965 ; Heikes and Johnston 1957) whereas transformation of Ni 2+ ions to Ni" ions due to Lip doping is normally accompanied by contraction of the NiO lattice with a subsequent decrease in the SBET value of the treated solid. because the ionic radius of the Nj3+ ion is smaller than that of the Nj2+ ion (0.64 Aand 0.78 A, respectively). However, pore widening due to Li,O treatment also contributes to the decrease in the SBH value of the doped samples. The conversion of some of Ni" ions into Nj2+ ions due to Li 2 0 doping taking place through location of the foreign ions (Li") in interstitial positions in the NiO lattice might result in lattice expansion and a possible subsequent increase in the BET surface area. The fact that the specific surface areas of all doped NiO samples calcined at 300°C, 500°C and 700°C gave smaller measured values than those calculated for the untreated specimens calcined at the same temperatures might indicate that the dissolution of Li,O in the NiO lattice proceeded mainly via conversion of some of the Ni 2+ ions into Nj3+ ions. In fact, the colour of pure NiO samples calcined at 300-700°C turned from black to light grey, while the doped samples calcined at 700°C acquired a dark grey colour. A black or dark grey colour for the treated NiO samples is indicative of the presence of Ni" ions in measurable amounts.
Catalytic decomposition of "202 over the pure and doped samples studied The kinetics of HPl decomposition was followed by measuring the volume of oxygen liberated at different time intervals. The results showed that the catalytic reaction followed first-order kinetics in all cases when carried out at 30°C, 40°C and 50°C, respectively.
Figure 2 depicts representative first-order plots for the catalytic decomposition of HP2 conducted over pure and doped catalysts calcined at 300°C, 500°C and 700°C, respectively. The slopes of the first-order plots determine the values of the reaction rate constant (k) at a given temperature over a given catalyst sample. In order to account for the observed decrease in the value of SBET due to Lip treatment. the reaction rate constant per unit surface area (I() was also calculated for each catalyst sample. The computed values of k and I( are listed in Table 2 .
The effect of Lip doping on the catalytic activity of various solids is better investigated by comparing the values of k and k for the differently treated catalyst samples. The data listed in Table   2 clearly show that Lip doping (0.19-0.75 mol%) followed by calcination at different temperatures resulted in catalysts which led to a noticeable decrease in the values of k for the catalyzed reaction when the latter was measured at 30°C, 40°C and 50°C, respectively. The maximum decrease in k4(}"(' due to Lip doping attained values of 55%, 69% and 74% for solids calcined at 300°C, 500°C and 700°C, respectively. It can also be seen from 
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o---g::::::o:.. These results clearly demonstrate the role of Lip doping in decreasing the catalytic activity of an NiO catalyst in the HP2 decomposition reaction. However, this decrease cannot be attributed to the observed decrease in the SBET value of the treated catalyst samples, but rather is related to the decrease in concentration of catalytically active sites involved in the catalytic process andlor to a possible change in the mechanism of the catalyzed reaction.
The determination of the apparent activation energy for the catalyzed reaction, L1E, might throw more light on the role of Li,O doping in modifying the mechanism of the reaction. Figure 3 depicts the Arrhenius plots for the reaction undertaken over the various Lip-treated catalyst samples studied. The computed values of i1E for the various catalysts are listed in Table 3 and indicate that the values of L1E for samples calcined at 300°C, 500°C and 700°C all showed fluctuations with increasing amounts of dopant. This apparent discrepancy may be resolved if the values of the logarithm of the pre-exponential constant in the Arrhenius equation are taken into account, The resulting data which are also listed in Table 3 show that log A varied from 2.9 to 5.9 for differently doped solids calcined at 700°C, from 2.8 to 9.7 for solids calcined at 500°C and from 7.0 to 9.3 for catalysts calcined at 300°C. These data reflect the heterogeneous nature of the catalyst surfaces.
To account for such heterogeneity. the activation energies for the catalytic reaction were calculated adopting the values of A for the untreated specimens calcined at 300°C, 500°C and 700°C for the other treated catalyst samples calcined at the same temperatures. The resulting L1E* values obtained are listed in the final column of Table 3 . These L1E* values were almost the same for the pure and differently doped catalyst samples calcined at temperatures within the range 300-700°C. A value of 59.4 ± 0.9 kl/mol applies for the average i1E* value for pure and doped solids calcined at 300°C, the corresponding values at 500°C and 700°C being 42.9 ± 1.4 kl/mol and 54.9 ± 1.5 kl/mol, respectively. These values indicate that the use of Lip doping did not lead to any change in the mechanism of the catalytic reaction but rather decreased the concentration of catalytically active sites on the catalyst surface. This conclusion is further supported by an analysis based on the dissipation function for the energy of active sites arising from the surface heterogeneity (Balandin 1953): ( 1) where E, is the interaction energy of site 'i' with the substrate. This equation may be converted into the form
Thus, plots of log A versus~E for the various treated catalyst samples should give straight lines whose slopes and intercepts determine the values of the constants h and a, respectively. outermost surface layers of NiO solid by the substitution of some of the host cations in the lattice might take place at sites associated with the most active NF+ions. This assumption is based on the heterogeneity of the catalyst surface. Hence. the doping process might lead to a decrease in the concentration of active sites (reactive Ni" ions) taking part in the catalysis of HPz decomposition.
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CONCLUSIONS
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The following are the main conclusions which may be drawn from the results obtained:
l. Doping ofNiO with small amounts of Lip (0.19-0.75 mol%) followed by heating the samples in air at 300-700°C brought about a significant decrease in their SOET and V p values with a corresponding increase in their mean pore radius (r). The maximum decrease in the SOET values corresponded to 38%, 30% and 63% for adsorbent samples treated with 0.75 mol% Li,O and calcined at 300°C, 500°C and 700°C, respectively. -2. The doping process effected a noticeable decrease in the catalytic activity of the treated catalyst samples towards HPz decomposition. The maximum decrease in the catalytic activity, expressed as the reaction rate constant per unit surface area (k) for the reaction carried out at 40°C reached values of 37%, 47% and 64% for catalyst samples calcined at 300°C, 500°C and 700°C, respectively. The observed decrease in the specific catalytic activity due to Lip treatment has been attributed to the conversion of some of the active Nj2+ ions into less active Li+-NP+ ion pairs which cannot readily exchange electrons with the reacting species. 3. The doping process did not modify the mechanism of the catalyzed reaction but decreased the concentration of catalytically active sites without affecting their energetic nature.
